Reducing dissolved phosphorus (P) losses from legacy P soils to surface waters is necessary for preventing algal blooms. Phosphorus removal structures containing steel slag have shown success in treating surface runoff for dissolved P, but little is known about treating subsurface (tile) drainage. A ditch-style and subsurface P removal structure were constructed using steel slag in a bottom-up flow design for treating tile drainage. Nearly 97% of P was delivered during precipitation-induced flow events (as opposed to baseflow) with inflow P concentrations increasing with flow rate. Structures handled flow rates approximately 12 L s −1 , and the subsurface and ditch structures removed 19.2 (55%) and 0.9 kg (37%) of the cumulative dissolved P load, respectively. Both structures underperformed relative to laboratory flow-through experiments and exhibited signs of flow inhibition with time. Dissolved P removal decreased dramatically when treated water pH decreased <8.5. Although slag has proven successful for treating surface runoff, we hypothesize that underperformance in this case was due to tile drainage bicarbonate consumption of slag calcium through the precipitation of calcium carbonate, thereby filling pore space, decreasing flow and pH, and preventing calcium phosphate precipitation. We do not recommend non-treated steel slag for removing dissolved P from tile drainage unless slag is replaced every 4-6 months.
Introduction
Dissolved phosphorus (P) loss has been identified as the main culprit in the recent re-eutrophication of Western Lake Erie [1] [2] [3] , where the dominant land use throughout the basin is agriculture. While various best management practices (BMPs) for reducing erosion and therefore particulate P losses are employed across much of the Western Lake Erie Basin (WLEB), dissolved P losses have been increasing for several years. In fact, dissolved P losses have increased despite decreases in total P [1] . The problem of dissolved P transport is not isolated to Lake Erie; water bodies around the world have also experienced increased eutrophication rates due to increased P loading [4, 5] .
Dissolved P losses to surface waters are in some ways more problematic than particulate P losses, as dissolved P is immediately bioavailable upon entering a water body compared with particulate P [2] . The magnitude of the effect of P bioavailability on eutrophication is evident from the fact that the best estimate of algal bloom biomass in Lake Erie is predicted from total bioavailable P loading that occurs during the spring and summer of that year (March through July), where total bioavailable P is the sum
Slag Characterization
The steel slag used for both P removal structures was from Levy Co., located in Dearborn, MI, USA. Specifically, the slag was produced from the electric arc furnace (EAF) method for making steel. The slag was sieved at the facility with vibratory screens (3 × 9.5 mm). Bulk density was measured by filling a container of known volume with slag and weighing it. Porosity was determined by measuring the volume of water required to fill the pore space of a known volume of slag. Particle size distribution was obtained through sieving at the following sizes: 4.8, 1, 2, 0.5, 0.2, 0.15, and 0.12 mm. pH and electrical conductivity (EC) of the slag was measured in de-ionized (DI) water with a pH and EC meter after equilibrating slag for 30 min in a 1:5 solid/solution. Total concentrations of Ca, Mg, Fe, Al, Mn, P, K, Cr, Ni, Pb, Zn, B, and S were extracted by the EPA 3050 digestion [54] , followed by analysis of digestate by inductively coupled plasma atomic emission spectroscopy (ICP-AES).
Dissolved P removal was characterized with flow-through experiments in order to produce the design curve necessary for designing the structures [30] . Briefly, 0.5 g of slag, sampled by obtaining a representative sample that contained a variety of particle sizes, was subjected to continuous flow in a flow-through cell with input of 0.5 and 2 mg dissolved P L −1 . Flow rate was adjusted to achieve a 10 min retention time, based on the total pore volume. All flow was collected and separated every 3 h and analyzed for dissolved P using the Murphy-Riley colorimetric method [55] . Discrete P removal (%) was calculated based on the difference between the inflow and outflow concentrations, and was described as a function of cumulative P added to the slag (mg P added kg −1 slag; variable x in Equation (1)) using an exponential model:
Discrete P removal = be mx (1) where b is the Y intercept and m is the slope coefficient. The subsurface P removal structure was designed to treat the tile drainage water from the field, plus surface runoff that flowed into a blind inlet via plumbing into the 15 cm diameter tile drain main (Figure 1 ). The blind inlet was located up-pipe of the P removal structure and constructed in a depression according to conservation practice Standard 620 of the Natural Resource Conservation Service. A back-flow preventer (Rectorseal, Houston, TX, USA) was installed where the blind inlet joined the tile drain main in order to prevent field tile drain water from back-flowing into the blind inlet. Because of a lack of hydraulic head via slope at the site, the structure was designed to flow from the bottom-upward, where the elevation of the inlet is equal to the outlet.
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P Removal Structure Construction

Subsurface P Removal Structure
The subsurface P removal structure was designed to treat the tile drainage water from the field, plus surface runoff that flowed into a blind inlet via plumbing into the 15 cm diameter tile drain main ( Figure 1 ). The blind inlet was located up-pipe of the P removal structure and constructed in a depression according to conservation practice Standard 620 of the Natural Resource Conservation Service. A back-flow preventer (Rectorseal, Houston, TX, USA) was installed where the blind inlet joined the tile drain main in order to prevent field tile drain water from back-flowing into the blind inlet. Because of a lack of hydraulic head via slope at the site, the structure was designed to flow from the bottom-upward, where the elevation of the inlet is equal to the outlet. Figure 1. (a) Overhead view of the blind inlet/subsurface tile drain P removal structure, and (b) side view and details of the tile drain P removal structure. The blind inlet collects surface water at the site and is plumbed into the field tile drainage system, which is all treated by the subsurface P removal structure. The yellow and blue arrows indicate the flow path of the untreated and treated water, respectively. Water flows from the bottom-up and discharges at the same elevation as the inlet.
The structure was designed based on known flow inputs from over 10 years of monitoring at the site in addition to measured slag characteristics (see below). The design process is described in detail by Penn and Bowen [30] . The average annual flow volume was 12.6 million L y −1 and typical dissolved P concentration was assumed to be 0.2 mg L −1 after equilibration of applied fertilizer. Based on slag physical and P removal characteristics, plus a design goal for minimum peak flow rate of 19 L s −1 with a minimum retention time of 10 min and 40% cumulative dissolved P removal over 20 years, 34.5 Mg of this particular steel slag material was required. In order to meet both the flow rate and retention time goal, the buried slag bed was dimensioned to approximately 7 × 8 × 0.43 m deep. Because electric arc furnace steel slag removes dissolved P by calcium phosphate precipitation, retention time is critical for proper function [27, 56] . After excavating the area for the slag bed, a tarp (0.15 mm thick, 3.54 thread cm −1 ) was placed on the bottom for the purpose of maintaining a clean (a) Overhead view of the blind inlet/subsurface tile drain P removal structure, and (b) side view and details of the tile drain P removal structure. The blind inlet collects surface water at the site and is plumbed into the field tile drainage system, which is all treated by the subsurface P removal structure. The yellow and blue arrows indicate the flow path of the untreated and treated water, respectively. Water flows from the bottom-up and discharges at the same elevation as the inlet.
The structure was designed based on known flow inputs from over 10 years of monitoring at the site in addition to measured slag characteristics (see below). The design process is described in detail by Penn and Bowen [30] . The average annual flow volume was 12.6 million L y −1 and typical dissolved P concentration was assumed to be 0.2 mg L −1 after equilibration of applied fertilizer. Based on slag physical and P removal characteristics, plus a design goal for minimum peak flow rate of 19 L s −1 with a minimum retention time of 10 min and 40% cumulative dissolved P removal over 20 years, 34.5 Mg of this particular steel slag material was required. In order to meet both the flow rate and retention time goal, the buried slag bed was dimensioned to approximately 7 × 8 × 0.43 m deep. Because electric arc furnace steel slag removes dissolved P by calcium phosphate precipitation, retention time is critical for proper function [27, 56] . After excavating the area for the slag bed, a tarp (0.15 mm thick, 3.54 thread cm −1 ) was placed on the bottom for the purpose of maintaining a clean working environment during construction, not for water retention. The 15 cm tile main was plumbed into a distribution manifold that consisted of a 0.76 m diameter × 1.3 m long pipe with ten 10 cm diameter perforated pipes that were plumbed from the manifold to the bottom of the slag bed ( Figure 1) . A by-pass pipe was also plumbed to the tile inlet, up-pipe of the distribution manifold in order to allow for excessive flow rates beyond the capacity of the structure to by-pass the slag bed. This by-pass pipe had a 15 cm rise in order to induce a minimum 15 cm head. A 15 cm gate valve was plumbed to this by-pass pipe and provided access from the surface in case the farmer ever wanted to open the valve.
In order to allow an open head space between the top of the slag bed and the drainage outlet, 21 Infiltrator H-20 septic chambers (Infiltrator Water Technologies, Old Saybrook, CT, USA) were placed on top of the slag bed. This permitted approximately 40 cm of head space to permit for settling of and prevent loss of precipitant/floc that would develop in the treated water. Preliminary pilot-scale experiments showed that using a traditional corrugated tile drainpipe near the top of the slag bed was not sufficient as an alternative to an open "dead space" for settling, as the corrugated pipe quickly clogged with the precipitant/floc. The Infiltrator H-20 septic chamber is specially designed to handle traffic, which was necessary in this case because the landowner would need to drive over the buried P removal structure without crushing the chambers. Three chambers were connected for seven rows, with a 10 cm diameter pipe plumbed to the chamber at the end of each row, which were then connected to a single 15 cm diameter manifold pipe that served to drain the entire slag bed ( Figure 1 ).
The septic chambers were supported through gravel and a plastic geo-grid, according to company specifications. Briefly, 15-20 cm deep layer of clean limestone gravel (2.5 to 6.4 cm in diameter) was placed on top of the chambers and compacted. A geotextile was placed on top of the compacted gravel in order to prevent soil particles from leaching into the slag bed. This was followed by a 15-20 cm deep layer of compacted gravel (containing fines), geo-grid plastic (Tensar BX1100, Tensar Co. Alpharetta, GA, USA), 30 cm layer of compacted gravel containing fines, and 30 cm of soil.
Ditch P Removal Structure for Treating Tile Drainage
In July 2018, a ditch-style P removal structure was constructed in which the inlet water was treated from the bottom-up. Tile drainage water from a 10 mm diameter tile drain outlet flowed into a 72 m long ditch before entering into a wetland. The ditch bottom width was 2 m, while the top width and depth varied. Based on slag characterization and flow characteristics obtained from previous monitoring (annual flow volume of 5 million L y −1 , dissolved P concentration of 1 mg L −1 ) and a P removal goal of 40% cumulative dissolved P removal over 15 y, the structure was constructed using 45 Mg slag. In order to meet the peak flow rate of 32 L s −1 while attaining a retention time of at least 10 min, the slag was oriented approximately 72 × 2 × 0.33 m deep within the ditch. A pond liner (2.3 mm thickness) was placed under the slag bed in order to prevent seepage loss between inlet and outlet flow monitoring/sampling equipment. At the upstream side of the ditch slag bed, a 76 cm tall dam was built with concrete and five 10-cm diameter elbows were set near the bottom, serving as the inlet into the slag bed ( Figure 2 ). Five corrugated perforated drainpipes (10 cm diameter) were attached to each elbow on the downstream side of the dam and extended nearly 72 m where the ends were capped off.
On the downstream side of the ditch, a 50 cm tall concrete dam was constructed, serving as the outlet for treated water. In cases where flow rate exceeded the slag flow capacity, the inflow water could simply over-top the inflow dam and flow to the outlet without being treated ( Figure 2 ). In May of 2019, a dye test was conducted by slowly releasing water with added dye (fluorescent yellow/green; Kingscote chemicals, Piqua, OH, USA) from a 2000 L tank at the upstream side of the inflow dam. The structure was then visually monitored for 90 min in order to assess preferential flow paths or potential clogging.
Figure 2.
Schematic of the ditch phosphorus removal structure (a) and photograph taken during a dye test (b) illustrating the lack of uniform flow through the slag media and clogging of the ditch structure. Photograph (c) shows the flocculant/precipitant that forms through the dissolution and reprecipitation of calcium minerals that can fill the slag matrix and reduce pore connectivity (d).
On the downstream side of the ditch, a 50 cm tall concrete dam was constructed, serving as the outlet for treated water. In cases where flow rate exceeded the slag flow capacity, the inflow water could simply over-top the inflow dam and flow to the outlet without being treated ( Figure 2 ). In May of 2019, a dye test was conducted by slowly releasing water with added dye (fluorescent yellow/green; Kingscote chemicals, Piqua, OH, USA) from a 2000 L tank at the upstream side of the inflow dam. The structure was then visually monitored for 90 min in order to assess preferential flow paths or potential clogging. Figure 2 . Schematic of the ditch phosphorus removal structure (a) and photograph taken during a dye test (b) illustrating the lack of uniform flow through the slag media and clogging of the ditch structure. Photograph (c) shows the flocculant/precipitant that forms through the dissolution and reprecipitation of calcium minerals that can fill the slag matrix and reduce pore connectivity (d).
Monitoring and Analysis
For the subsurface P removal structure, the inlet was monitored at the distribution manifold (i.e., 0.76 m diameter × 1.3 m unit shown in Figure 1 ) with an ISCO Signature 330 bubbler (Teledyne-ISCO, Lincoln, NE, USA) for pressure head and an ISCO 6712 autosampler for taking water samples before flowing into the slag bed. A composite vault (described in detail by Smith and Livingston; [50] ) was buried near the outlet, with the 15 cm outlet pipe plumbed into it and connected to a 15 cm Palmer-Bowlus flume with an ISCO Signature 330 bubbler and ISCO 350 area-velocity sensor. Samples were taken with an ISCO 6712 autosampler. Both inlet and outlet sampling were triggered based on the flow rate detected at the outlet based on a two-step program to allow for both baseflow and event flow sampling. Daily baseflow sampling occurred once per day, with a single draw of 1 L. Event flow sampling was triggered by the rate of change in flow at the outlet, specifically by a level increase of 50 mm h −1 or faster. Event sampling was discrete, with samples taken every 2 h after initiation. Daily precipitation was monitored with a Vaisala WXT 510 Weather Transmitter (Vaisala Company, Helsinki, Finland).
For the ditch P removal structure, inflow (i.e., untreated) water at the inlet was monitored at the outlet of the 10 cm diameter tile drain that terminated at the inlet dam ( Figure 2 ). Flow rate was monitored at 10 min intervals using an Isco 4230 pressure transducer and an Isco 2150 area-velocity sensor that were positioned with a Thelmar weir, inserted into a 30 mm diameter pipe attached to the end of the tile outlet. Monitoring of flow rate at the outlet of the ditch P removal structure was identical to the inflow, with the water directed back into a 30 cm diameter pipe containing a Thelmar weir and sensors. Isco 6712 autosamplers were used to obtain water samples at both the inlet and outlet for pretreated and treated water, respectively. Inflow water was sampled at two different stages: stage one consisted of a composite with 200 mL draw samples taken every 6 h, with a single composite representing 2 d. The second stage of sampling intended to capture precipitation-induced flow events was initiated when the level increased at a rate of 18 mm h −1 or more. Event flow samples were composites comprised of 15 min draw samples (120 mLs per draw) with each composite representing 1 h of event flow. Outflow was sampled as 2 d composites with a 200 mL draw taken every 6 h and each composite representing 2 d.
All water samples were collected within 48 h of a precipitation-induced event at both sites; baseflow samples from the subsurface tile drain structure were collected on a weekly basis. All samples were filtered through a 0.45 µm membrane and refrigerated, except for an unfiltered aliquot removed from ditch structure samples that was digested with persulfate [57] . Filtered samples from the subsurface tile drain structure were analyzed for Mn, Cr, Ni, Pb, Zn, B, and S by ICP-AES. Filtered samples from both sites samples were tested for P by the Murphy-Riley method [55] . A calibrated pH electrode was used to measure pH in all samples.
Flow and sampling data were synchronized with Flow Link software (Teledyne Isco Inc., Lincoln, NE, USA). Discrete flow volume produced at each time interval was calculated by:
Discrete flow volume = flow rate * time interval (2) where discrete flow volume is expressed in L and flow rate in L s −1 . Discrete flow volume was calculated at every time interval for baseflow and each flow event. Total flow volume produced for a given time period was determined by the sum of all discrete flow volumes over that time period. Phosphorus loading to the structure was calculated by integrating P concentrations with respect to flow volume. The sum of all P loads for each sampling point interval represents the cumulative P load for an event. From this, flow weighted P concentrations (mg L −1 ) were calculated:
Flow weighted P concentration = P load/Total flow volume
where P load and total volume are in units of mg and L, respectively. After P loads were determined for both inflow and outflow (treated) water, the P removal (mg) could simply be calculated as a mass balance: P removed = inlet P load−outflow P load (4) where inlet and outflow P load are expressed as mg. Retention time (min) of the structure at different flow rates was also estimated [56] :
Retention time = Total bed pore volume/Flow rate (5) where total pore volume and flow rate at outlet are in units of L and L min −1 , respectively. Total pore space was calculated for each P removal structure based on the known mass of slag, bulk density, and porosity.
Results and Discussion
Slag Characterization
The slag used in this study was typical of electric arc furnace steel slag [30, 40, 56] . Although the material was screened to remove all particles smaller than 3 mm diameter at the production facility, particle size analysis shown in Table 1 reveals that the screening was not complete, as an appreciable percentage of fines smaller than 2 mm was still present. This was likely a result of screening several tons of slag at a time, which were not sufficiently dry enough to allow for removal of fines that were adhered to the larger particles. Due to incomplete screening, the pH, total Ca and Mg, and buffer index were similar to pure slag fines, because the smaller particles generally contain higher concentrations compared with large slag particles [56, 58, 59] . Several studies have shown that the fine fraction of electric arc furnace slag consists of portlandite, calcium oxide, calcium hydroxide, and calcium silicate minerals [60, 61] . These minerals are highly soluble, which, combined with their ability to maintain an elevated pH, enable a high degree of dissolved P removal through the precipitation of calcium phosphate [40, [62] [63] [64] . Similarly, the buffer index, which is a measurement of the ability of a PSM to maintain a pH above 6.0 [30] , was of a magnitude expected for an electric arc furnace slag sample containing some fines [56] . Based on the physical and chemical characterization, this particular slag sample was expected to be an effective PSM.
Total concentrations of trace metals were not excessive (Table 1) with levels falling below thresholds for land application of biosolids [65] . Although considered safe for land application under the USEPA 503 rule, the concentration of chromium and nickel are high enough that they would fall into the category of "non-exceptional quality". Regardless, the USEPA 503 rule is intended for biosolids and not industrial byproducts such as steel slag, so caution should be exercised. More important than the total concentrations of metals are their solubility. Regardless of their total concentrations, if excessive amounts of trace metals are released to solution, then a P removal structure containing such materials would become a source of trace metals downstream and therefore an environmental hazard. Trace metals were monitored in the outflow of the P removal structure for this study and are presented in Section 3.2.2. Figure 3 shows both the precipitation and the degree of pressure head at the inflow of the subsurface P removal structure, illustrated in Figure 1 . An increase in pressure head indicates that water was "backed-up" above the P removal structure to some degree. Clearly, this is expected to occur during high flow events, but notice that not all instances of increases in pressure head were concomitant with large precipitation events, indicative of the importance of antecedent soil moisture conditions in influencing flow events. For example, the P removal structure nearly ceased flowing from July 2018 to September 2018 ( Figure 4 ), even though appreciable rainfall events occurred during that time period. Williams et al. [42] showed that both rainfall amount and antecedent moisture controlled flow generation for these tile drainage systems. Next, notice that the baseline pressure head level slowly increased starting in November 2018 ( Figure 3 ). This suggests that the slag contained in the P removal structure may have been slowly clogging, decreasing the ability of water to flow through it and therefore requiring a greater hydraulic head.
Performance of the Tile Drain Phosphorus Removal Structure
Inflow Rates, Concentrations, and Loads
Inflow dissolved P concentrations ranged from less than 0.01 mg L −1 at baseflow to 19.8 mg L −1 . Dissolved P concentrations were extremely elevated for the first flow event, which likely resulted from transport of incidental fertilizer P loss rather than P lost from equilibrated soil. This is probable because there was no precipitation for the first two weeks after fertilizer application, until a catastrophic event that resulted in one of the greatest peak flow rates observed over the course of the study (10.4 L s −1 ). In other words, the applied fertilizer was unable to sufficiently dissolve and react/stabilize with the soil before the large flow event occurred, delivering the greatest P concentration to the structure. Based on a soil Mehlich-3 concentration in the 0-5 cm layer of 367 mg kg −1 , only about 1 mg L −1 of dissolved P is expected to be lost in tile drainage and runoff, according to a relationship between soil test P and dissolved P concentrations in tile drainage water developed for the region by Duncan et al. [53] . Thus, most of the dissolved P lost for the first event was mostly from unreacted fertilizer. This was unintended, as the target of P removal structures is treatment of dissolved P lost from high P soils, not incidental P lost from recently applied unreacted fertilizer or manure.
Flow rates through the P removal structure ranged from nearly zero to about 12 L s −1 . Inflow dissolved P concentrations generally followed the same pattern as flow rate, with low concentrations observed during baseflow conditions and spikes occurring at event peak flow rates ( Figure 4 ). In fact, there was a significant (p < 0.05) and positive relationship between flow rate and inflow dissolved P concentration: inflow P concentration = 0.52 * flow rate − 0.056, where P concentration and flow rate are in units of mg L −1 and L s −1 , respectively. A similar trend was also evident in non-point drainage monitoring in several other studies [36, 66, 67] . Similarly, mean flow-weighted concentrations for precipitation-induced flow events were much greater than baseflow concentrations, which was only 0.17 mg L −1 ( Table 2 ). Table 2 . Flow characteristics, dissolved phosphorus (P) concentrations and loads, P removal, and distribution of flow volume and P among individual precipitation-induced events and baseflow for the subsurface tile drain P removal structure shown in Figure 1 . RT: retention time. NA: not applicable. While it is well understood that the greatest flow rates deliver the greatest dissolved and particulate P loads due to greater volumes of water, this phenomenon of the true dissolved P concentration increasing with flow rate is interesting, as it contradicts the notion of P dilution occurring as flow rates increase, i.e., "first flush" [68] [69] [70] . Penn et al. [36] attributed this to variable source areas [71] within the watershed that only become activated during intense rainfall events. However, in the current study, the field is always equally connected to the sampling point through the tile drainage system. Instead, there are two possibilities: First, greater flow rates translate to a shorter contact time between leaching water and subsurface soil, which could decrease sorption of P in the subsurface as the P-rich water at the surface moves downward into the tile. Similarly, these greater flow rates may activate preferential flow paths that permit water to move more directly to the tile with little to no soil contact [72, 73] . A second possibility is that because the blind inlet within the system is capturing surface water (Figure 1 ), the high P concentrations coinciding with peak flow rates might be occurring only during major events that permit surface runoff to occur. Previous research in the region has shown that surface runoff generally produces greater dissolved P concentrations compared to tile drainage, among soils with similar surface soil P concentrations [74] . This is due to fact that tile drainage water is able to leach through several meters of lesser P soil, permitting sorption, before entering a tile. In the current study, it was not possible to separate tile drain flow from the surface runoff that entered the blind inlet before combining with the tile drain water.
Regarding dissolved P loads, about 35 kg of dissolved P was delivered over 23 precipitation-induced events, plus baseflow. Baseflow delivered nearly 35% of the total flow volume, but less than 4% of the dissolved P load (Table 2) . Instead, precipitation-induced flow events delivered a disproportionate amount of the dissolved P load with nearly 97% of P transported with only 65% of the total flow volume. Again, this is indicative of how dissolved P transport mechanisms were drastically different under greater flow conditions vs. lesser flow and baseflow. While identifying specific mechanisms for P transport was outside the scope of the current study, it appears to be a function of contact time and the degree of soil contact, i.e., leaching rate through the soil, preferential flow, and surface runoff vs. leachate. Among precipitation-induced events, the majority of the total dissolved P load was delivered during the first event (nearly 14 kg; 39% of total load). As previously discussed, this first event was the result of incidental fertilizer loss due to the lack of sufficient soil reaction between fertilizer application and the first flow event [8, 9] . This serves as an example of the magnitude of P lost from direct incidental transport of fertilizer compared with P lost from greater P soils. Outside of that first event, the greatest loss of P was 3.25 kg on February 3rd, comprising about 9% of the total P load. Excluding the three greatest P loads, all other events delivered less than 6% of the total load. Excluding the first event, mean flow-weighted concentration ranged from 0.13 to 7.65 mg L −1 , with all but six events less than 2 mg L −1 ( Table 2 ).
Phosphorus Removal, pH, and Metals
pH of the inflow water ranged from 7.2 to 8.9 and treated water from 7.4 to 13. The elevated pH of treated water was expected based on the typical minerals found in electric arc furnace steel slag [31, 58, 75] . Although not measured in this study, there is little concern about excessive pH levels, because treated water from electric arc furnace slag is generally not highly alkaline [36] and has been shown to not increase the pH of receiving waters [30, 36] . pH of treated water decreased with time, with all values below 8.5 after event 8 (i.e., after about 3400 cumulative ML passed through the structure). Concentrations of cadmium, chromium, copper, manganese, nickel, lead, and zinc were all below detection limits. Although these elements were found in the slag itself (Table 1) , they were apparently not soluble and therefore posed no hazard. Aluminum, boron, and molybdenum concentrations ranged from below detection limit to 1.25 mg L −1 , below detection limit to 0.315 mg L −1 , and from 0.016 to 0.017 mg L −1 , respectively. However, there was no statistically significant difference (p < 0.05) between inflow and treated water concentrations.
Overall dissolved P removal was 19.2 kg or about 55% of the total input to the structure (Table 2 and Figure 5 ). The structure removed 58% of the P that entered during precipitation-induced events, compared with −31% removal for baseflow. Poor baseflow P removal was likely due to the fact that baseflow provided relatively low concentrations of dissolved P compared with storm flow ( Table 2) ; consider that P concentration partly dictates the chemical potential for calcium phosphate precipitation, which is the dominant P removal mechanism for EAF slag. Even though baseflow caused slag to behave as a net P source, recall that only a small amount of P was delivered during baseflow, so this only resulted in the loss of about 0.4 kg of P. The majority of the trapped P was removed during event 1 ( Table 2) .
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Performance of Ditch-Style Phosphorus Removal Structure
The ditch-style P removal structure removed 37% of the cumulative dissolved P inflow load for a total of 0.9 kg removed ( Figure 6 ). Similar to the subsurface tile drain P removal structure, dissolved P removal was near 100% for the first few events before drastically decreasing (Figure 6a) . A comparison of Figure 6a to Figure 5c ,d illustrate how the slag in the ditch P removal structure underperformed compared to testing the same slag under laboratory flow-through conditions. Discrete total P removal was highly variable (Figure 6c ), but cumulative total P removal was 2.3 kg, equivalent to nearly 48% of the total P that flowed into the structure (Figure 6d ).
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18% of the cumulative total P delivered to the structure occurred during an event on November 25th, during which 75% was removed. After approximately 11 months following installation, a dye test was conducted on the ditch structure as a qualitative assessment for clogging of the slag bed. After adding dye and water to the upstream side of the inflow dam (Figure 2a) , it was observed that dye only appeared in several small areas, indicating that water flow through the slag bed was significantly limited due to clogging (Figure 2b ). This indicated that during flow events, very little water would be able to flow through the slag bed and instead would over-top the inflow dam and flow directly on top of the slag bed to the outlet dam with little to no slag contact, therefore escaping treatment.
Potential Explantions for Underperformance of the Phosphorus Removal Structures
As previously discussed, both P removal structures displayed physical flow problems with time. Such clogging decreases the effective size of the slag bed, as the same volume of water becomes forced through a smaller mass of slag, which will decrease its ability to remove P. In the case of the ditch After approximately 11 months following installation, a dye test was conducted on the ditch structure as a qualitative assessment for clogging of the slag bed. After adding dye and water to the upstream side of the inflow dam (Figure 2a) , it was observed that dye only appeared in several small areas, indicating that water flow through the slag bed was significantly limited due to clogging (Figure 2b ). This indicated that during flow events, very little water would be able to flow through the slag bed and instead would over-top the inflow dam and flow directly on top of the slag bed to the outlet dam with little to no slag contact, therefore escaping treatment.
As previously discussed, both P removal structures displayed physical flow problems with time. Such clogging decreases the effective size of the slag bed, as the same volume of water becomes forced through a smaller mass of slag, which will decrease its ability to remove P. In the case of the ditch structure, after several months, there was nearly zero contact between the water and the slag before being discharged.
The ultimate cause of this partial clogging is a result of a chemical phenomenon. It is well known that electric arc furnace slag will produce relatively large amounts of floc resulting from the reprecipitation of various calcium minerals [20, 30, 75] ; such precipitant can be seen at the surface of the ditch structure in Figure 2c . Claveau-Mallet et al. [20, 75] showed that this precipitant readily formed in slag columns used to treat wastewater and was responsible for a gradual clogging. In fact, Claveau-Mallet et al. quantified this process and incorporated it into the P-hydroslag model [76] . Similarly, several authors showed that the minerals forming were generally calcite and hydroxyapatite [20, 63, 77] . The impact of the precipitation of the new calcium minerals are evident in Figure 2d , as the pore space between slag particles tends to become filled with the precipitant; total digest showed that >60% of the precipitated mass was calcium.
Not only can the formation of the calcite minerals fill the pore space, clogging the structure and reducing P removal through decreasing interaction between the slag and water, but we hypothesize that those same precipitation reactions are partly responsible for the decreased chemical potency of the slag, reducing the precipitation of calcium phosphate, the main P removal mechanism [62, 63, 78] . In essence, conversion of the slag calcium minerals into calcite will decrease the pH of the system and also depress the concentration of soluble calcium available for calcium phosphate precipitation. The precipitation of calcium phosphate shown in equilibrium Reaction (1) illustrates that increased concentrations of H+ (i.e., decreasing pH) and decreasing concentration of Ca 2+ will reduce formation of brushite by pushing the equilibrium towards the reactants side [79] :
For example, consider a typical calcium mineral found in electric arc furnace slag that is highly soluble: portlandite. Equilibrium Reaction (2) [79] shows the standard dissolution reaction for portlandite, which not only produces the Ca 2+ necessary for the precipitation of solution phosphate, but also consumes H+, which increases pH, thereby promoting the formation of calcium phosphate:
With high concentrations of Ca 2+ and a sufficiently high pH, calcium phosphate is able to precipitate, thereby taking phosphate out of solution. However, if a system has appreciable concentrations of CO 2 , which is soluble in water, it will easily de-protonate in a high pH environment (pH > 9) and transform into carbonate [79] :
The problem with the formation of carbonate in the context of a slag P removal structure is that it results in the formation of protons (Reaction (3)), thereby decreasing pH. This decrease in pH will reduce the ability of calcium to precipitate with solution phosphate (Reaction 1). Several studies have demonstrated the importance of maintaining an elevated pH in a slag P removal structure; in fact, pH can be used as an indicator of effectiveness [34, 80, 81] . In addition, the newly formed carbonate will precipitate solution Ca 2+ in the form of calcite, thereby preventing Ca 2+ from precipitating with solution phosphate. The direct equilibrium between Ca 2+ and CO 2 is shown in Reaction (4), which includes the de-protonation/hydrolysis of CO 2 to carbonate [79] :
Due to the poor solubility of calcite compared with calcium oxide and hydroxide minerals, the newly formed calcite is relatively poor at removing dissolved P. In an assessment of P sorption by several byproducts and natural materials, Johansson (1999) showed that materials containing CaCO 3 were less effective at P removal than CaO.
In summary, the highly soluble and alkaline minerals found in slag, such as portlandite, produce an ideal environment for the formation of carbonate if CO 2 is present in the system, and this carbonate will compete with phosphate for precipitation with Ca 2+ and also depress the pH of the system, which reduces the chemical potential for calcium phosphate precipitation. For example, Liira et al. [82] showed that for a Ca-rich oil shale ash, the formation of carbonate precipitates reduced the solubility of calcium and thereby reduced P removal. Similarly, Claveau-Mallet et al. [77] conducted precipitation/speciation modeling on a wastewater P removal slag system and concluded that longevity was drastically influenced by simply increasing inflow alkalinity from 50 to 210 mg CaCO 3 L −1 . Formation of calcite is also responsible for partially filling the pore space of the slag and clogging [34] . Tile drainage water is generally richer in CO 2 compared with surface water, because it leaches through several meters of soil (where respiration occurs). For example, Omernik et al. [83] reported surface water alkalinities of the United States occurring over a range of less than 2.5 to greater than 20 mg CaCO 3 L −1 . Tile drainage, on the other hand, is typically much greater, with typical values reported in the range of 250 to over 300 mg CaCO 3 L −1 [84, 85] .
Consider that the laboratory flow-through experiments conducted on the slag used in this study (Figure 5c,d) were executed using a P solution made from pure de-ionized water, which therefore contained little dissolved CO 2 , bicarbonate, or carbonate. However, in field application, this slag was used to treat tile drainage water, which will contain appreciable amounts of various forms of carbonate. This difference in water chemistry may be partly responsible for the underperformance of the slag contained in both P removal structures, evident when comparing Figures 5a and 6a (field-measured P removal) to Figure 5c ,d (laboratory flow-through P removal). Further evidence for the hypothesis of calcite formation reducing calcium phosphate precipitation in the slag beds is found in the observation of changes in treated water pH with time. Initially, when the highly soluble and alkaline slag minerals were dominant, the treated water pH was >9. Indeed, Figure 8 indicates that event P removal was around 80% or greater and then drastically decreased when pH dropped to less than 9, which occurred during event 11 in the subsurface P structure, resulting in P removal of 13%. Notice that the pH of the treated water appeared to stabilize at around 8.2 (Figure 8) , which is the equilibrium pH for calcite. Similarly, Dunets et al. [80] showed that P removal of greenhouse wastewater with slag decreased dramatically at a pH of around 8.5.
Water 2020, 12, x FOR PEER REVIEW 19 of 25 showed that for a Ca-rich oil shale ash, the formation of carbonate precipitates reduced the solubility of calcium and thereby reduced P removal. Similarly, Claveau-Mallet et al. [77] conducted precipitation/speciation modeling on a wastewater P removal slag system and concluded that longevity was drastically influenced by simply increasing inflow alkalinity from 50 to 210 mg CaCO3 L −1 . Formation of calcite is also responsible for partially filling the pore space of the slag and clogging [34] . Tile drainage water is generally richer in CO2 compared with surface water, because it leaches through several meters of soil (where respiration occurs). For example, Omernik et al. [83] reported surface water alkalinities of the United States occurring over a range of less than 2.5 to greater than 20 mg CaCO3 L −1 . Tile drainage, on the other hand, is typically much greater, with typical values reported in the range of 250 to over 300 mg CaCO3 L −1 [84, 85] . Consider that the laboratory flow-through experiments conducted on the slag used in this study (Figure 5c,d) were executed using a P solution made from pure de-ionized water, which therefore contained little dissolved CO2, bicarbonate, or carbonate. However, in field application, this slag was used to treat tile drainage water, which will contain appreciable amounts of various forms of carbonate. This difference in water chemistry may be partly responsible for the underperformance of the slag contained in both P removal structures, evident when comparing Figures 5a and 6a (fieldmeasured P removal) to Figure 5c ,d (laboratory flow-through P removal). Further evidence for the hypothesis of calcite formation reducing calcium phosphate precipitation in the slag beds is found in the observation of changes in treated water pH with time. Initially, when the highly soluble and alkaline slag minerals were dominant, the treated water pH was >9. Indeed, Figure 8 indicates that event P removal was around 80% or greater and then drastically decreased when pH dropped to less than 9, which occurred during event 11 in the subsurface P structure, resulting in P removal of 13%. Notice that the pH of the treated water appeared to stabilize at around 8.2 (Figure 8) , which is the equilibrium pH for calcite. Similarly, Dunets et al. [80] showed that P removal of greenhouse wastewater with slag decreased dramatically at a pH of around 8.5. Not only can dissolved forms of carbonate (such as dissolved CO2, carbonic acid, and bicarbonate) in inflow water reduce P removal efficiency of slag P removal structures, it can also act to dissolve calcium phosphate minerals that are already present on the slag. In fact, this is how the Not only can dissolved forms of carbonate (such as dissolved CO 2 , carbonic acid, and bicarbonate) in inflow water reduce P removal efficiency of slag P removal structures, it can also act to dissolve calcium phosphate minerals that are already present on the slag. In fact, this is how the Olsen soil test is designed to extract P from soils of arid and semi-arid regions that contain calcium phosphates [86] . This would explain why some of the later flow events resulted in net removal of P from the slag bed (Table 2) .
Economics of Dissolved Phosphorus Removal
The total cost of the subsurface P removal structure was nearly USD 11,000, including professional services for installation. This total cost also includes the blind inlet used to capture surface water at the site and direct it into the subsurface P removal structure. The majority of the cost associated with the materials was from the septic chambers and the associated materials necessary for their proper installation (nearly 50% of the cost of materials). Note that this cost is specific to using regular slag (i.e., not aluminum-coated slag) to prevent the loss of flocculant/precipitant that develops. If a different PSM were used, this extra cost would not be incurred. Professional services during installation were only 23% of the total cost. Overall, the cost of dissolved P removal for the subsurface tile drain P removal structure was USD 562 per kg of dissolved P removed. This cost falls within the magnitude of wastewater treatment [87] , but consider that wastewater treatment plants are mostly removing particulate P (as opposed to dissolved), which is much less costly or difficult to treat. Consider also that a wastewater treatment plant is treating a fairly constant point source with relatively high P concentrations and lesser volumes compared with non-point P sources. Together, this makes the cost of dissolved P removal by the P removal structure appear more reasonable. While the cost of removing particulate P from non-point sources (i.e., reducing erosion) is much less expensive, dissolved P is not only more difficult to capture, but it is a more potent eutrophication agent than particulate P.
The ditch-style P removal structure was much less expensive to construct compared with the buried tile drain structure, because it was above ground, and it was not necessary to construct it to allow for tractor traffic. Total cost was about USD 6000, with most of the cost associated with professional installation. However, due to the poor performance of the structure, overall dissolved P removal was over USD 6000 per kg removed, which is unacceptable.
Summary and Conclusions
Both P removal structures monitored in this study treated tile drainage water, constructed to flow from the bottom up, and underperformed relative to laboratory flow-through P experiments. Although trace metals were present in the slag, concentrations in the drainage water were below detection limits. For the subsurface P removal structure/blind inlet combination, inflow dissolved P concentrations were significantly correlated to flow rate, with concentrations ranging from less than 0.01 to nearly 20 mg L −1 . This indicated that greater flow rates leading to preferential flow or short contact time between leaching water and soil had a strong influence on P concentrations, large flow events dominated by surface flow into the blind inlet caused elevated P concentrations, or some combination of both. Of the 35 kg of dissolved P delivered to the P removal structure, 97% was delivered disproportionately by precipitation-induced events that produced only 65% of the total flow volume, with less than 4% delivered during baseflow, indicative of the low dissolved P concentrations in baseflow compared with precipitation-induced events (0.17 mg L −1 flow-weighted mean concentration for baseflow). In addition, 39% of the total dissolved P inflow load was delivered during the first event, which was an extreme rainfall/flow event that occurred shortly after the application of P fertilizer, thereby delivering a large amount of incidental P rather than soil-equilibrated P.
Overall, the subsurface structure removed 55% of the cumulative dissolved P input, although 71% of that P was removed during the first event that delivered a large amount of incidental P loss. While it is certainly a benefit that the structure was able to perform so well for an incidental P loss event, it should be noted that the target of P removal structures is soil-equilibrated "legacy" P sources, because incidental P loss events are not only difficult to predict, but can be effectively reduced with more simple and inexpensive best management practices related to P fertilizer and manure application. The ditch P removal structure removed 37% of the cumulative dissolved P inflow load (0.9 kg removed). Regarding economics, the subsurface structured cost USD 562 per kg dissolved P removed, and over USD 6000 per kg for the ditch structure. This high cost is a result of the relatively poor performance of the structures compared with expected performance based on laboratory flow-through results.
Both P removal structures removed >90% of inflow dissolved P for several events, then drastically decreased. Thus, the predicted P removal determined by laboratory flow-through experiments highly overestimated field performance. The reason for this appears to be a combination of chemical and physical problems, specifically chemical issues that additionally caused physical clogging. We hypothesize that the highly soluble and alkaline calcium minerals found in slag produced an ideal environment for formation of carbonate, through input of CO 2 -rich tile drainage water, which then competed with phosphate for precipitation with Ca 2+ and depressed the pH, further reducing the chemical potential for calcium phosphate precipitation. The formation of calcium carbonate not only represents a chemical inefficiency in dissolved P removal, but the mineral also acted to fill the slag pore space and decrease water flow through the slag beds. Evidence for this was found in visual observations of the precipitant, an increase in pressure head at the inlet, dye test results, and a negative correlation between treated water pH and discrete P removal.
We hypothesize that the laboratory flow-through experiment overpredicted P removal because that experiment was conducted using DI water with low concentrations of bicarbonate or dissolved CO 2 compared with tile drainage water. DI water in contact with the atmosphere is only expected to have 0.7 mg L −1 of carbonate alkalinity, whereas tile drainage water can have 200 to 300 mg L −1 of alkalinity, expressed as CaCO 3 . The fact that surface water only contains a fraction of the alkalinity compared to tile drainage would explain why previous studies have reported success in removing dissolved P from surface waters with steel slag [25, 27] . While useful for treating less alkaline surface water, we do not recommend the use of electric arc furnace steel slag for treating tile drainage water for long-term structures. It would be appropriate to use this material for treating tile drainage if structures are designed for replacing media at a high frequency, which based on this study would be every 4-6 months; such a scenario might be more cost-efficient than what was demonstrated in this study. The problems with treating bicarbonate-rich tile drainage water are likely not isolated to steel slag alone, but any PSM that removes P via calcium phosphate precipitation such as fly ash or flue gas desulfurization gypsum. Because of the unique chemistry of tile drainage water, we recommend using PSMs that remove P via ligand exchange reactions onto Al and Fe oxide/hydroxide minerals, such as mine drainage residuals [26, 56] , manufactured PSMs [21] , or aluminum-coated steel slag [30] .
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